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Introduction
============

Coronary heart disease (CHD) is the leading cause of death worldwide and places a major economic and resource burden on private and public healthcare systems^[@bib1])^. Globally, an estimated 7.4 million people died from CHD in 2015 ^[@bib2])^. CHD is mainly caused by atherosclerosis and the concomitant low-grade inflammation of the coronary arteries, which develop due to the deposition of atherogenic lipoprotein in the vessel walls^[@bib3])^. Growing evidence from observational studies and clinical trials has demonstrated that elevated serum low-density lipoprotein (LDL) cholesterol is a significant risk factor for the development of CHD, and lowering the serum LDL cholesterol level with medications, such as statins, has a beneficial effect on the reduction of coronary risk through the prevention of atherothrombosis and plaque rupture in coronary arteries^[@bib4]--[@bib9])^. Nevertheless, it has been acknowledged that a relatively high proportion of individuals with serum LDL cholesterol in the normal range still develop CHD^[@bib10])^.

LDL particles are heterogeneous with respect to size, density, and composition^[@bib11])^. Recently, the difference in the atherogenic effect across LDL particles has attracted attention^[@bib12])^. Small dense LDL (sdLDL), which is small and highly dense among LDL particles, has high atherogenic potential due to its increased susceptibility to oxidation, high endothelial permeability, and decreased hepatic LDL receptor affinity^[@bib13],\ [@bib14])^. Until recently, however, there have been few prospective studies with a large sample size investigating the influence of sdLDL on coronary risk independent of other cardiovascular risk factors probably due to the limited methods available for the measurement of sdLDL (principally ultracentrifugation^[@bib15])^ or gradient gel electrophoresis) ^[@bib16])^. These methods were not suitable for routine analysis because of their long assay times and expensive equipment. Over the last decade, a homogeneous method that allows the easy measurement of serum sdLDL cholesterol levels has been developed^[@bib17],\ [@bib18])^. Using this method, several prospective cohort studies have revealed a significant association between higher serum sdLDL cholesterol and the development of CHD^[@bib19]--[@bib21])^. However, few studies have addressed the predictive ability of serum sdLDL cholesterol level for future CHD risks.

Aim
===

The aim of the present study was to evaluate whether serum sdLDL cholesterol levels are a clinically relevant biomarker for CHD that offers benefit beyond serum LDL cholesterol levels and other known cardiovascular risk factors using the prospective longitudinal data from a general Japanese population.

Methods
=======

Study Design and Participants
-----------------------------

The Hisayama study, a population-based prospective cohort study of cardiovascular diseases, has been underway since 1961 in the town of Hisayama, which is located in a suburb of Fukuoka City on Kyushu Island in Japan. According to the national census and nutrition surveys, the age and occupational distributions of the Hisayama population have been similar to those in Japan as a whole since the 1960s^[@bib22])^. The full community surveys of the health status of residents ≥ 40 years of age have been repeated annually since 1961 ^[@bib22])^. A screening survey for the present study was performed in 2007 and 2008, and a detailed description has been published previously^[@bib23])^. Briefly, a total of 3,384 residents aged ≥ 40 years (78.2% of the total population of this age group) underwent the examination. After excluding eight subjects who did not consent to participate in the study, 223 subjects who had past history of stroke or CHD, and 73 subjects with no measurement of serum sdLDL cholesterol, the remaining 3,080 subjects (1,290 men and 1,790 women) were enrolled in the present study.

The study was approved by the Kyushu University Institutional Review Board for Clinical Research, and written informed consent was obtained from all the participants.

Follow-Up Survey
----------------

The subjects were followed up prospectively until November 2015 or their death (median, 8.3 years) by annual health examinations or by mail or telephone for any subject who did not undergo the examination or who moved out of the town. The development of CHD was also checked by a daily monitoring system organized by the study team, local physicians, and members of the Health and Welfare Office of the town. Subjects with suspected CHD events were evaluated for their detailed clinical information by study team physicians. When a subject died, an autopsy was performed at the Department of Pathology of Kyushu University, if consent for autopsy was obtained. During the follow-up period, autopsy examination was performed for 192 (57.8%) of 332 deceased subjects. In addition to the deceased cases, four subjects were lost to follow-up, all of whom were subjects who moved out of the town.

Measurement of the Serum sdLDL Cholesterol Level
------------------------------------------------

At the screening examination, the portions of the plasma specimens were stored at −80°C until serum sdLDL cholesterol concentrations were measured in 2014. Serum sdLDL cholesterol concentrations were directly measured on a Hitachi 7180 automated chemistry analyzer using a homogeneous assay (sdLDL-EX "SEIKEN"; Denka Seiken, Tokyo)^[@bib17],\ [@bib18])^, which received Food and Drug Administration clearance on August 18, 2017. The subjects were divided into four groups according to the quartiles of serum sdLDL cholesterol levels: Q1, ≤ 24.4 mg/dL \[≤ 0.63 mmol/L\]; Q2, 24.5--32.8 mg/dL \[0.63--0.84 mmol/L\]; Q3, 32.9--43.6 mg/dL \[0.85--1.12 mmol/L\]; and Q4, ≥ 43.7 mg/dL \[≥ 1.13 mmol/L\].

Outcomes
--------

The primary outcome of the present analysis was CHD. The criteria for the diagnosis of CHD included first-ever fatal and nonfatal myocardial infarction, silent myocardial infarction, sudden cardiac death within 1 h after the onset of acute illness, coronary angioplasty, and bypass grafting. We counted the incident cases of CHD during the follow-up period as events, regardless of the presence or absence of stroke before the onset of CHD. The diagnosis of myocardial infarction was based on detailed clinical information and at least two of the following findings: typical clinical symptoms, electrocardiogram evidence of myocardial infarction, elevated cardiac enzymes, or morphologic findings including echocardiographic, scintigraphic, or angiographic abnormalities compatible with myocardial injury or myocardial necrosis or scars more than 1 cm in diameter at autopsy^[@bib24],\ [@bib25])^.

Other Risk Factor Measurements
------------------------------

Each subject completed a self-administered questionnaire covering medical history, medication for hypertension, diabetes, and dyslipidemia, smoking habits, alcohol intake, and physical activity. Smoking and drinking habits were categorized as either current use or not. Current smoking was defined as smoking at least one cigarette per day. Current drinking was defined as drinking at least one alcoholic beverage per month. The subjects engaging in sports or other forms of exertion ≥ 3 times a week during their leisure time made up a regular exercise group. The body height and weight were measured in light clothing without shoes, and the body mass index (BMI) was calculated (kg/m^2^). The blood pressure was measured three times in a sitting position using an automated sphygmomanometer (BP-203 RVIIIB; Omron Healthcare), and the mean of three measurements was used for the analysis. Hypertension was defined as blood pressure ≥ 140/90 mmHg and/or current use of antihypertensive agents. Electrocardiogram abnormalities were defined as left ventricular hypertrophy (Minnesota code, 3-1), ST depression (4-1, 2, 3), or atrial fibrillation/flutter (8-3).

The blood samples were collected from an antecubital vein. Plasma glucose levels were measured by the hexokinase method, and serum insulin levels were determined by using an electro-chemiluminescence immunoassay. Diabetes mellitus was defined as fasting plasma glucose levels ≥ 126 mg/dL, 2-h post load or casual glucose levels of at least 200 mg/dL, or the current use of glucose-lowering agents (i.e., oral glucose-lowering agents or insulin). Hemoglobin A1c (HbA1c) was measured by latex aggregation immunoassay using determiner HbA1c (Kyowa Medix, Tokyo). The value for HbA1c was estimated as a National Glycohemoglobin Standardization Program equivalent value calculated with the following formula^[@bib26])^: HbA1c (%) = 1.02 × HbA1c (Japan Diabetes Society) (%) + 0.25%. Insulin resistance was estimated by the homeostasis model assessment of insulin resistance (HOMA-IR) values, which were calculated as follows^[@bib27])^: HOMA-IR=fasting plasma glucose (mg/dL) × fasting serum insulin (IU/mL)/405. Serum LDL cholesterol and high-density lipoprotein (HDL) cholesterol levels and serum creatinine were measured enzymatically. The estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation with a Japanese coefficient of 0.813 ^[@bib28])^. Serum high-sensitivity C-reactive protein (hs-CRP) concentrations were measured using the frozen serum portion thawed in 2004 by a modified version of the Behring Latex-Enhanced CRP assay on a Behring Nephelometer BN-100 (Behring Diagnostics, Westwood, MA).

Statistical Analysis
--------------------

The trends in the means (standard deviations \[SDs\]) and the frequencies of risk factors across the quartiles of sdLDL cholesterol were tested by a linear and a logistic regression analysis, respectively, in which serum sdLDL cholesterol levels were assigned ordinal values of 1, 2, 3, and 4 for the first (Q1), second (Q2), third (Q3), and fourth (Q4) quartiles, respectively. Serum HOMA-IR, triglycerides, and hs-CRP levels were shown as medians and interquartile ranges in the baseline characteristics of the population and were log-transformed in the analyses because their distributions were skewed. The incidence rate of CHD was calculated using the person-year method after adjusting for age and sex by means of the direct method. The Cox proportional hazards model was used to estimate the hazard ratio (HR) and its 95% confidence intervals (CIs) for the development of CHD for the quartiles or the cutoff levels of serum sdLDL cholesterol levels or per 1 SD increment in log-transformed serum sdLDL cholesterol levels (as a continuous variable). The trends in the age- and sex-adjusted incidence rates or HRs across the serum sdLDL cholesterol levels were tested by a Cox proportional hazards model including serum sdLDL cholesterol levels assigned ordinal numbers of 1, 2, 3, or 4 as categorical variables and the relevant covariates. In the multivariable analysis, the risk estimates were adjusted for potential confounding factors at baseline, namely, age, sex, systolic blood pressure, use of antihypertensive agents, HbA1c, use of glucose-lowering agents, serum HDL cholesterol, lipid-modifying agents, BMI, eGFR, electrocardiogram abnormalities, current smoking, current drinking, and regular exercise. Additionally, we made an another multivariable-adjusted model that included the covariates selected from these potential confounders using the backward elimination method at *p* \< 0.20 for the remaining variables. The interactions in the association between the subgroups of sex, hypertension, diabetes, BMI (\< 25 or ≥ 25 kg/m^2^), serum LDL cholesterol (\< 120.1 or ≥ 120.1 mg/dl), use of lipid-lowering agents, current smoking, and eGFR (\< 60 or ≥ 60 ml/min/1.73 m^2^) were tested by adding multiplicative interaction terms to the relevant Cox model. The proportions of missing values were less than 0.1% for all the variables included in the model. To compare the accuracy of risk assessment for the development of CHD between the models including known cardiovascular disease risk factors with and without serum sdLDL cholesterol level or serum LDL cholesterol level, the increase in the Harrell\'s c-statistics among models was evaluated and tested using a method described by Newson^[@bib29])^. Moreover, the increased predictive ability of the serum sdLDL cholesterol level or the serum LDL cholesterol level was further estimated by the net reclassification improvement (NRI) and integrated discrimination improvement (IDI)^[@bib30])^, where the individual probabilities were estimated by using the Cox proportional hazards model. The cutoff value of serum sdLDL cholesterol levels that optimizes the discriminating ability for the risk of incident CHD was determined as the point closest to (0,1) on the receiver-operating characteristic curve, min ![](jat-27-669-g004.jpg), where sensitivity = the number of subjects above the cutoff value of serum sdLDL cholesterol level/total number of subjects among subjects who developed CHD, and specificity = the number of subjects below the cutoff value/total number of subjects among subjects who did not develop CHD^[@bib31])^. A two-sided value of *p* \< 0.05 was considered statistically significant in all analyses. Statistical analyses were conducted using Statistical Analysis Software (SAS) version 9.4 (SAS Institute, Cary, NC), and Stata version 14.0 (StataCorp, College Station, TX).

Results
=======

**[Table 1](#T1){ref-type="table"}** exhibits the baseline characteristics of the study population according to the quartiles of serum sdLDL cholesterol. The mean values of systolic blood pressure, HbA1c, serum total cholesterol, serum LDL cholesterol, BMI, and eGFR; the median values of HOMA-IR and serum hs-CRP; and the frequencies of male sex, use of statins, current smoking, and current drinking increased significantly with high serum sdLDL cholesterol levels. Conversely, the mean values of age and serum HDL cholesterol decreased significantly with high serum sdLDL cholesterol levels.

###### Baseline characteristics of participants according to quartiles of serum small dense low-density lipoprotein cholesterol levels (the Hisayama Study, 2007--2008)

                                        Serum sdLDL cholesterol level, mg/dL                                                      
  ------------------------------------- -------------------------------------- ---------------- ---------------- ---------------- ----------
  Age (years)                           65 (15)                                63 (12)          64 (11)          61 (10)          \< 0.001
  Men (%)                               35.0                                   38.3             42.1             52.1             \< 0.001
  Systolic blood pressure (mmHg)        127 (20)                               129 (19)         134 (19)         136 (18)         \< 0.001
  Use of antihypertensive agents (%)    30.9                                   27.6             31.6             27.9             0.49
  HbA1c (%)                             5.3 (0.7)                              5.5 (0.7)        5.5 (0.8)        5.7 (0.9)        \< 0.001
  Use of glucose-lowering agents (%)    5.1                                    6.8              6.9              7.1              0.14
  HOMA-IR                               1.1 (0.7--1.5)                         1.2 (0.8--1.8)   1.4 (0.9--2.1)   1.8 (1.2--2.7)   \< 0.001
  Serum total cholesterol (mg/dL)       179.7 (26.6)                           204.7 (25.5)     216.8 (30.9)     237.2 (34.2)     \< 0.001
  Serum LDL cholesterol (mg/dL)         92.4 (19.4)                            116.2 (20.3)     131.1 (24.5)     148.3 (31.0)     \< 0.001
  Serum HDL cholesterol (mg/dL)         72.9 (18.2)                            71.6 (18.0)      65.7 (17.0)      58.8 (15.0)      \< 0.001
  Serum triglycerides (mg/dL)           71 (55--92)                            89 (68--115)     107 (83--139)    163 (120--232)   \< 0.001
  Use of lipid-modifying agents (%)     16.1                                   12.9             14.5             12.1             0.064
  Use of statins (%)                    15.7                                   12.9             13.8             10.3             0.005
  BMI (kg/m^2^)                         21.9 (3.5)                             22.3 (3.1)       23.5 (3.5)       24.3 (3.3)       \< 0.001
  eGFR (ml/min/1.73 m^2^)               73.5 (14.9)                            75.5 (12.4)      75.0 (11.7)      77.1 (11.1)      \< 0.001
  Electrocardiogram abnormalities (%)   16.4                                   12.9             15.8             16.3             0.65
  Serum hs-CRP (mg/L)                   0.3 (0.1--0.7)                         0.4 (0.2--0.7)   0.4 (0.2--0.8)   0.6 (0.3--1.0)   \< 0.001
  Current smoking (%)                   15.1                                   18.5             19.4             26.7             \< 0.001
  Current drinking (%)                  39.7                                   45.4             47.5             57.8             \< 0.001
  Regular exercise (%)                  11.6                                   12.5             11.3             12.0             0.98

SI conversion factors: To convert mg/dL values to mmol/L, multiply serum sdLDL cholesterol, serum total cholesterol, serum LDL cholesterol, and HDL cholesterol values by 0.02586, and multiply serum triglycerides values by 0.01129.

Data are presented as the mean values (standard deviation), percentages, or medians (interquartile range).

The trends in the means and the frequencies of risk factors across the quartiles of sdLDL cholesterol were tested by a linear and a logistic regression analysis. Serum HOMA-IR, triglycerides, and hs-CRP levels were log-transformed in the analyses due to skewed distribution.

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; hs-CRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; sdLDL, small dense low-density lipoprotein.

During the follow-up period, a total of 79 subjects had a first-ever CHD event. Among them, 45 subjects experienced myocardial infarction, 33 subjects experienced coronary angioplasty, and one subject experienced bypass grafting. **[Fig. 1](#F1){ref-type="fig"}** shows that the age- and sex-adjusted cumulative incidence of coronary heart disease increased significantly with the elevating serum sdLDL cholesterol levels (*p* for trend \< 0.001). **[Table 2](#T2){ref-type="table"}** demonstrates the age- and sexadjusted incidence rates and multivariable-adjusted HRs for the development of CHD according to the quartiles of serum sdLDL cholesterol levels. The incidence rates increased linearly with high serum sdLDL cholesterol levels: 1.04, 3.37, 4.67, and 5.58 per 1000 person-years from the first to the fourth quartile groups, respectively (*p* \< 0.001 for trend). The HRs of the development of CHD increased significantly with high serum sdLDL cholesterol levels after adjusting for age, sex, systolic blood pressure, use of antihypertensive agents, HbA1c, use of glucose-lowering agents, serum HDL cholesterol, use of lipid-modifying agents, BMI, eGFR, electrocardiogram abnormalities, current smoking, current drinking, and regular exercise (model 1, *p* for trend \< 0.001): subjects in the highest quartile had a 5.41-fold (95% CI, 2.12--13.82) higher risk of CHD than those in the lowest quartile. These associations remained significant even after additional adjustments for serum LDL cholesterol levels (*p* for trend = 0.03), serum hs-CRP levels (*p* for trend \< 0.001), or HOMA-IR (*p* for trend \< 0.001) in addition to the abovementioned confounding factors. We also performed a multivariable-adjusted analysis including age, sex, HbA1c, serum HDL cholesterol, electrocardiogram abnormalities, and regular exercise as covariates, which were selected with the backward elimination method from the aforementioned covariates (model 2). Consequently, the HRs of the development of CHD also increased significantly with high serum sdLDL cholesterol levels (*p* for trend \< 0.001). Moreover, the sensitivity analysis including the use of statins as an adjustment factor instead of the use of lipid-modifying agents in the multivariable-adjusted models or among subjects who were not using lipid-modifying agents were not altered substantially although the association did not reach the statistically significant level in the multivariable-adjusted model including serum LDL cholesterol among subjects who were not using lipid-modifying agents (*p* for trend = 0.07) (**[Supplementary Table 1](#T4){ref-type="table"} and [Supplementary Table 2](#T5){ref-type="table"}**).

![Age- and sex-adjusted cumulative incidence of coronary heart disease according to quartiles of serum small dense low-density lipoprotein cholesterol\
\**p* \< 0.05, \*\**p* \< 0.001 versus the lowest quartile of serum small dense low-density lipoprotein cholesterol.](jat-27-669-g001){#F1}

###### Hazard ratios for the development of coronary heart disease according to serum small dense low-density lipoprotein cholesterol levels, 2007--2015

                                                                 Serum sdLDL cholesterol level, mg/dL                                                                 
  -------------------------------------------------------------- -------------------------------------- ------------------- -------------------- -------------------- ----------
  No. of events/subjects                                         6/763                                  18/775              24/768               31/774               
  Age-and sex-adjusted incidence rate (per 1,000 person-years)   1.04                                   3.37                4.67                 5.58                 \< 0.001
  Hazard ratio (95% CI)                                                                                                                                               
      Age-and sex-adjusted                                       1.00 (Reference)                       3.34 (1.32--8.44)   4.55 (1.85--11.20)   6.53 (2.67--15.95)   \< 0.001
      Model 1                                                    1.00 (Reference)                       3.18 (1.25--8.09)   4.15 (1.66--10.40)   5.41 (2.12--13.82)   \< 0.001
      Model 1 + serum LDL cholesterol                            1.00 (Reference)                       2.75 (1.06--7.14)   3.22 (1.20--8.64)    3.76 (1.28--10.99)   0.03
      Model 1 + serum triglycerides                              1.00 (Reference)                       3.06 (1.19--7.84)   3.93 (1.54--10.02)   4.90 (1.78--13.43)   0.003
      Model 1 + log hs-CRP                                       1.00 (Reference)                       3.23 (1.27--8.21)   4.21 (1.68--10.55)   5.55 (2.17--14.20)   \< 0.001
      Model 1 + log HOMA-IR                                      1.00 (Reference)                       2.95 (1.16--7.50)   3.93 (1.57--9.85)    4.80 (1.87--12.33)   \< 0.001
      Model 2                                                    1.00 (Reference)                       3.04 (1.20--7.68)   3.97 (1.60--9.83)    4.85 (1.94--12.12)   \< 0.001

SI conversion factors: To convert mg/dL values to mmol/L, multiply serum sdLDL cholesterol values by 0.02586 and multiply serum triglycerides values by 0.01129.

Abbreviations: CI, confidence interval; hs-CRP, high-sensitivity C reactive protein; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein; SD, standard deviation; sdLDL, small dense low-density lipoprotein.

Model 1: Adjusted for age, sex, systolic blood pressure, use of antihypertensive agents, hemoglobin A1c, use of glucose-lowering agents, high density lipoprotein cholesterol, use of lipid-modifying agents, body mass index, estimated glomerular filtration rate, electrocardiogram abnormalities, current smoking, current drinking, and regular exercise.

Model 2: Adjusted for age, sex, hemoglobin A1c, high density lipoprotein cholesterol, electrocardiogram abnormalities, and regular exercise, which were selected with the backward elimination method at *p* \< 0.20 for the remaining variables.

###### Multivariable-adjusted hazard ratios for coronary heart disease according to serum small dense low-density lipoprotein cholesterol levels, 2007--2015

                                        Serum sdLDL cholesterol level, mg/dL                                                                 
  ------------------------------------- -------------------------------------- ------------------- -------------------- -------------------- ----------
  Hazard ratio (95% CI)                                                                                                                      
      Model 1                           1.00 (Reference)                       3.18 (1.25--8.06)   4.12 (1.65--10.33)   5.32 (2.08--13.59)   \< 0.001
      Model 1 + serum LDL cholesterol   1.00 (Reference)                       2.77 (1.07--7.22)   3.28 (1.22--8.80)    3.84 (1.31--11.24)   0.03
      Model 1 + serum triglycerides     1.00 (Reference)                       3.04 (1.19--7.77)   3.86 (1.51--9.85)    4.71 (1.72--12.93)   0.003
      Model 1 + log hs-CRP              1.00 (Reference)                       3.23 (1.27--8.21)   4.19 (1.67--10.49)   5.47 (2.14--14.00)   \< 0.001
      Model 1 + log HOMA-IR             1.00 (Reference)                       2.94 (1.15--7.47)   3.88 (1.55--9.73)    4.68 (1.82--12.04)   0.0012

SI conversion factors: To convert mg/dL values to mmol/L, multiply serum sdLDL cholesterol values by 0.02586 and multiply serum triglycerides values by 0.01129.

Abbreviations: CI, confidence interval; hs-CRP, high-sensitivity C reactive protein; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein; SD, standard deviation; sdLDL, small dense low-density lipoprotein.

Model 1: Adjusted for age, sex, systolic blood pressure, use of antihypertensive agents, hemoglobin A1c, use of glucose-lowering agents, high density lipoprotein cholesterol, use of statins, body mass index, estimated glomerular filtration rate, electrocardiogram abnormalities, current smoking, current drinking, and regular exercise

###### Multivariable-adjusted hazard ratios for coronary heart disease according to serum small dense low-density lipoprotein cholesterol levels excluding subjects with use of lipid-modifying agents (*n* = 2,651), 2007--2015

                                                                 Serum sdLDL cholesterol level, mg/dL                                                                 
  -------------------------------------------------------------- -------------------------------------- ------------------- -------------------- -------------------- ----------
  No. of events/subjects                                         5/639                                  12/675              18/657               29/680               
  Age-and sex-adjusted incidence rate (per 1,000 person-years)   1.01                                   2.38                4.38                 5.51                 \< 0.001
  Hazard ratio (95% CI)                                                                                                                                               
      Age-and sex-adjusted                                       1.00 (Reference)                       2.46 (0.87--7.01)   3.92 (1.45--10.63)   6.56 (2.49--17.28)   \< 0.001
      Model 1                                                    1.00 (Reference)                       2.46 (0.86--7.02)   3.50 (1.27--9.66)    5.25 (1.90--14.48)   \< 0.001
      Model 1 + serum LDL cholesterol                            1.00 (Reference)                       1.97 (0.67--5.76)   2.41 (0.81--7.11)    3.06 (0.96--9.73)    0.07
      Model 1 + serum triglycerides                              1.00 (Reference)                       2.45 (0.85--7.06)   3.50 (1.24--9.86)    5.27 (1.77--15.75)   0.002
      Model 1 + log hs-CRP                                       1.00 (Reference)                       2.52 (0.88--7.21)   3.59 (1.30--9.91)    5.51 (1.99--15.23)   \< 0.001
      Model 1 + log HOMA-IR                                      1.00 (Reference)                       2.29 (0.80--6.54)   3.31 (1.20--9.13)    4.74 (1.71--13.15)   0.001

SI conversion factors: To convert mg/dL values to mmol/L, multiply serum sdLDL cholesterol values by 0.02586 and multiply serum triglycerides values by 0.01129.

Abbreviations: CI, confidence interval; hs-CRP, high-sensitivity C reactive protein; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density lipoprotein; SD, standard deviation; sdLDL, small dense low-density lipoprotein.

Model 1: Adjusted for age, sex, systolic blood pressure, use of antihypertensive agents, hemoglobin A1c, use of glucose-lowering agents, high density lipoprotein cholesterol, body mass index, estimated glomerular filtration rate, electrocardiogram abnormalities, current smoking, current drinking, and regular exercise

We also investigated the influence of serum sdLDL cholesterol levels on the risk of CHD according to serum LDL cholesterol levels. In this analysis, the subjects were divided into four groups according to sdLDL cholesterol levels (≥ 32.9 mg/dL \[median\] or \< 32.9 mg/dL) and LDL cholesterol levels (≥ 120.1 mg/dL \[median\] or \< 120.1 mg/dL). The multivariable-adjusted HR of CHD almost doubled in subjects with serum sdLDL cholesterol of ≥ 32.9 mg/dL, regardless of serum LDL cholesterol levels, as compared with subjects with serum sdLDL cholesterol of \< 32.9 mg/dL and serum LDL cholesterol of \< 120.1 mg/dL as a reference (**[Supplementary Fig. 1](#F2){ref-type="fig"}**).

![Multivariable-adjusted hazard ratios for the development of coronary heart disease according to serum low-density lipoprotein cholesterol and serum small dense low-density lipoprotein cholesterol\
LDL, low-density lipoprotein; sdLDL, smalldense low-density lipoprotein.\
\**p* \< 0.05 vs. reference.\
Hazard ratios were adjusted for age, sex, systolic blood pressure, antihypertensive drugs, hemoglobin A1c, antidiabetic medication, high density lipoprotein-cholesterol, lipid-lowering drugs, body mass index, estimated glomerular filtration rate, electrocardiogram abnormalities, current smoking, current drinking, and regular exercise.](jat-27-669-g002){#F2}

In the subgroup analysis of various confounding factors, such as sex, hypertension, diabetes, BMI, serum LDL cholesterol, use of lipid-modifying agents, current smoking status, and eGFR, there was no evidence of heterogeneity in the magnitude of multivariable- adjusted HRs per 1 SD increment in log-transformed serum sdLDL cholesterol levels between the subgroups (all *p* for heterogeneity \> 0.3; **[Supplementary Table 3](#T6){ref-type="table"}**).

###### Multivariable-adjusted hazard ratios for coronary heart disease per 1 SD increment in log-transformed small dense low-density lipoprotein-cholesterol levels in various subgroups of the study population, 2007--2015

  Variables                       Persons at risk   No. of events   HR (95% CI) per 1 SD increment in log (serum sdLDL cholesterol levels)   *p* for heterogeneity
  ------------------------------- ----------------- --------------- ------------------------------------------------------------------------ -----------------------
  Overall                         3,080             79              1.62 (1.23 to 2.16)                                                      \-
  Sex                                                                                                                                        
      Men                         1,290             49              1.48 (1.04 to 2.10)                                                      0.77
      Women                       1,790             30              1.93 (1.21 to 3.10)                                                      
  Hypertension                                                                                                                               
      No                          1,617             22              1.43 (0.86 to 2.39)                                                      0.76
      Yes                         1,463             57              1.63 (1.17 to 2.28)                                                      
  Diabetes                                                                                                                                   
      No                          2,619             50              1.66 (1.17 to 2.34)                                                      0.61
      Yes                         461               29              1.57 (0.96 to 2.59)                                                      
  BMI                                                                                                                                        
      \< 25 kg/m^2^               2,294             53              1.67 (1.19 to 2.35)                                                      0.92
      ≥ 25 kg/m^2^                786               26              1.44 (0.89 to 2/34)                                                      
  Serum LDL cholesterol                                                                                                                      
      \< 120.1 mg/dL              1,538             33              2.01 (1.22 to 3.31)                                                      0.65
      ≥ 120.1 mg/dL               1,542             46              1.45 (0.92 to 2.28)                                                      
  Use of lipid-modifying agents                                                                                                              
      No                          2,651             64              1.66 (1.21 to 2.27)                                                      0.38
      Yes                         428               15              1.50 (0.78 to 2.90)                                                      
  Current smoking                                                                                                                            
      No                          2,465             58              1.67 (1.20 to 2.32)                                                      0.51
      Yes                         614               21              1.70 (0.97 to 2.96)                                                      
  eGFR                                                                                                                                       
      ≥ 60 ml/min/1.73 m^2^       2,788             140             1.55 (1.15 to 2.09)                                                      0.70
      \< 60 ml/min/1.73 m^2^      292               33              2.64 (1.13 to 6.18)                                                      

SI conversion factors: To convert mg/dL values to mmol/L, multiply the serum LDL cholesterol value by 0.02586.

Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; LDL, low-density lipoprotein; SD, standard deviation; sdLDL, small dense low-density lipoprotein.

The model was adjusted for age, sex, systolic blood pressure, use of antihypertensive agents, hemoglobin A1c, use of glucose-lowering agents, serum high-density lipoprotein-cholesterol, use of lipid-modifying agents, body mass index, estimated glomerular filtration rate, electrocardiogram abnormalities, current smoking, current drinking, and regular exercise.

The variables relevant to the subgroup were excluded from the relevant Cox model.

In addition, we compared the c-statistics between the basic model including cardiovascular disease risk factors with and without sdLDL cholesterol to evaluate whether sdLDL cholesterol improves the accuracy of CHD risk assessment (**[Table 3](#T3){ref-type="table"}**). Adding the information on the serum sdLDL cholesterol level to the basic model including the aforementioned cardiovascular risk factors significantly increased the c-statistics (from 0.774 to 0.794; *p* = 0.02) and improved the accuracy of the risk assessment for CHD---namely, the continuous NRI was estimated as 0.40 (Z~NRI~ 3.52, *p* \< 0.001), and the IDI was estimated as 0.008 (Z~IDI~ 2.40, *p* = 0.02). Meanwhile, adding the information on the serum LDL cholesterol level tended to increase the c-statistics, but the difference did not reach the level of statistical significance (from 0.774 to 0.793; *p* = 0.06) although the changes in continuous NRI and IDI were significant (NRI: 0.49, Z~NRI~ 4.27, *p* \< 0.001; IDI: 0.007, Z~IDI~ 2.71, *p* = 0.01).

###### Comparison of the accuracy of risk assessment for the development of coronary heart disease between the models adjusted for potential risk factors with and without small dense low-density lipoprotein cholesterol or low-density lipoprotein cholesterol

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                               c-statistics (95% CI)   *p* value for difference in c-statistics   cNRI (95% CI) after adding sdLDL cholesterol or LDL cholesterol   *p* value for NRI   IDI (95% CI) after adding sdLDL cholesterol or LDL cholesterol   *p* value for IDI
  -------------------------------------------- ----------------------- ------------------------------------------ ----------------------------------------------------------------- ------------------- ---------------------------------------------------------------- -------------------
  Basic model                                  0.774\                  reference                                  \-                                                                reference           \-                                                               reference
                                               (0.730--0.817)                                                                                                                                                                                                            

  Basic model + log(serum sdLDL cholesterol)   0.794\                  0.02                                       0.40\                                                             \< 0.001            0.008\                                                           0.02
                                               (0.754--0.835)                                                     (0.18--0.62)                                                                          (0.001--0.01)                                                    

  Basic model + serum LDL cholesterol          0.793\                  0.06                                       0.49\                                                             \< 0.001            0.007\                                                           0.01
                                               (0.750--0.836)                                                     (0.27--0.70)                                                                          (0.002--0.01)                                                    
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: CI, confidence interval; cNRI, continuous net reclassification improvement; IDI, integrated discrimination improvement; LDL, low-density lipoprotein; sdLDL, small dense low-density lipoprotein.

The basic model was adjusted for age, sex, systolic blood pressure, use of antihypertensive agents, hemoglobin A1c, use of glucose-lowering agents, high-density lipoprotein-cholesterol, lipid-modifying agents, body mass index, estimated glomerular filtration rate, electrocardiogram abnormalities, current smoking, current drinking, and regular exercise.

Finally, we investigated the cutoff value of sdLDL cholesterol that optimizes the discriminating ability for the risk of incident CHD. The point closest to (0, 1) on the receiver operating characteristic curve was 35 mg/dL (**[Supplementary Fig. 2](#F3){ref-type="fig"}**). A total of 43.9% of subjects had a serum sdLDL cholesterol level above the cutoff value. Subjects with serum sdLDL cholesterol of ≥ 35 mg/dL were at a 2.09-fold (95% CI, 1.26--3.45) increased risk of the development of CHD after adjusting for the aforementioned confounding factors. In addition, the percentages of subjects with a serum sdLDL cholesterol level above the cutoff value, the sensitivities and specificities to detect subjects who developed CHD in 8 years, and the multivariableadjusted HRs of the serum sdLDL cholesterol level above the cutoff value compared with that below the cutoff value for the various cutoff levels of serum sdLDL cholesterol are shown in **[Supplementary Table 4](#T7){ref-type="table"}**.

![The cut-off value of serum small dense low-density lipoprotein cholesterol that optimizes the ability to discriminate the risk of coronary heart disease: the length to (0, 1) on the receiver operating characteristic curve\
Abbreviations: ROC, receiver operating characteristic; sdLDL, small dense low-density lipoprotein\
Length to the (0, 1) on ROC curve = ![](jat-27-669-g005.jpg)](jat-27-669-g003){#F3}

###### The sensitivity and specificity of detecting high-risk subjects who developed coronary heart disease during an 8-year follow-up for each cutoff value of serum small dense low-density lipoprotein cholesterol level

  Cutoff value of serum sdLDL-C level (mg/dl)   Subjects with a serum sdLDL-C level above the cutoff value among 3,080 subjects   Number of subjects with a serum sdLDL-C level above the cutoff value among 79 subjects who developed CHD during follo w-up   Sensitivity (%)   Specificity (%)   HR (95% CI) of a serum sdLDL-C level above the cutoff value vs. that below the cutoff value^[a)](#tf1){ref-type="table-fn"}^   
  --------------------------------------------- --------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------- ----------------- ----------------- ------------------------------------------------------------------------------------------------------------------------------ -------------------
  25                                            2,275                                                                             73.9                                                                                                                         71                89.9              26.6                                                                                                                           3.10 (1.45--6.63)
  30                                            1,806                                                                             58.6                                                                                                                         59                74.7              41.8                                                                                                                           1.98 (1.15--3.40)
  35                                            1,352                                                                             43.9                                                                                                                         50                63.3              56.6                                                                                                                           2.09 (1.26--3.45)
  40                                            1,018                                                                             33.1                                                                                                                         36                45.6              67.3                                                                                                                           1.52 (0.93--2.46)
  45                                            703                                                                               22.8                                                                                                                         26                32.9              77.4                                                                                                                           1.49 (0.89--2.49)
  50                                            513                                                                               16.7                                                                                                                         19                24.1              83.5                                                                                                                           1.50 (0.86--2.62)
  55                                            336                                                                               10.9                                                                                                                         16                20.3              89.3                                                                                                                           2.08 (1.14--3.78)
  60                                            242                                                                               7.9                                                                                                                          12                15.2              92.3                                                                                                                           2.04 (1.04--3.99)

Abbreviations: CHD, coronary heart disease; sdLDL-C, small dense low-density lipoprotein-cholesterol.

SI conversion factors: To convert mg/dL values to mmol/L, multiply serum sdLDL cholesterol values by 0.02586.

Adjusted for age, sex, systolic blood pressure, use of antihypertensive agents, hemoglobin A1c, use of glucose-lowering agents, high density lipoprotein cholesterol, use of lipid-modifying agents, body mass index, estimated glomerular filtration rate, electrocardiogram abnormalities, current smoking, current drinking, and regular exercise.

Discussion
==========

The present study demonstrated that higher serum sdLDL cholesterol levels were significantly associated with the development of CHD after adjustment for serum LDL cholesterol levels in addition to other potential cardiovascular risk factors. In addition, the ability to predict future CHD risk was significantly improved by adding the serum sdLDL cholesterol levels to the known cardiovascular risk factors. It has been well acknowledged that serum LDL cholesterol is an important therapeutic target to reduce the risk of CHD and is a good indicator for predicting CHD events^[@bib19]--[@bib21])^. Therefore, lipid-modifying therapy is widely accepted in clinical practice for the treatment of CHD^[@bib32],\ [@bib33])^. However, a relatively high percentage of individuals with serum LDL cholesterol in the normal range nonetheless go on to develop CHD^[@bib10])^. Intriguingly, the present study found that the risk of CHD was significantly higher in subjects with higher serum sdLDL cholesterol level than those with lower serum sdLDL cholesterol level in subjects with serum LDL cholesterol levels below 120 mg/dL. These findings provide evidence that serum sdLDL cholesterol is a clinically valuable biomarker for estimating the future onset of CHD even in subjects with normal range serum LDL cholesterol and that serum sdLDL cholesterol is a possible therapeutic target for the prevention of CHD in general practice.

The recently developed assay for measuring serum sdLDL cholesterol would be readily adaptable to mass screening in general practice^[@bib17],\ [@bib18])^. Therefore, several prospective studies have assessed the association between sdLDL cholesterol and the risk of CHD. The Multi-Ethnic Study of Atherosclerosis (MESA) demonstrated a positive association between serum sdLDL cholesterol levels and the risk of CHD but found that higher serum sdLDL cholesterol was a significant risk factor for the development of CHD only in nondiabetic subjects^[@bib20])^. In the present study, the risk of CHD was significantly increased in the group with high serum sdLDL cholesterol levels regardless of the status of diabetes. The Atherosclerosis Risk in Communities (ARIC) Study and the Suita Study also showed that subjects with higher serum sdLDL cholesterol levels were at a significantly increased risk of CHD compared with those with lower levels, but the significance of the association disappeared after additional adjustment for other lipid risk factors^[@bib19],\ [@bib21])^. In the present study, however, the association of serum sdLDL cholesterol with CHD was robust even after adjustment for known cardiovascular risk factors, including the serum LDL cholesterol level. Although the reasons for these discrepant findings are not entirely clear, they may be partly related to the different environmental and genetic backgrounds of the study populations (i.e., race, medical condition, and absolute coronary risk). The present study also demonstrated that high serum sdLDL cholesterol levels were significantly associated with the development of CHD in subjects with low and those with high LDL cholesterol levels. Similar findings were reported in the two aforementioned observational studies conducted in Western countries^[@bib19],\ [@bib20])^.

Some cross-sectional studies have shown that the size of serum LDL particles tended to be small in subjects with central obesity (i.e., higher visceral fat area) or insulin resistiance^[@bib34],\ [@bib35])^. Moreover, subjects with high serum sdLDL cholesterol levels had high serum hs-CRP levels in the present study. Therefore, the elevation in serum sdLDL cholesterol levels may reflect the insulin resistance and systemic inflammation, which could lead to progression of metabolic disorders and atherosclerosis in the coronary arteries. Meanwhile, the present study showed that the excess risk of CHD in subjects with high serum sdLDL cholesterol levels remained significant even after adjusting for serum hs-CRP levels or HOMA-IR in addition to known cardiovascular risk factors, including metabolic components. These findings raise the possibility that the other mechanisms of CHD development may exist. sdLDL particles have been considered to penetrate into the arterial wall easily because of their small size and to have a high affinity for proteoglycans in the arterial wall, but a low affinity for the hepatic LDL receptor, leading to prolonged residency in plasma^[@bib36],\ [@bib37])^. sdLDL particles also lack antioxidant substances, such as vitamin E, and thus are highly susceptible to oxidation^[@bib38])^. These features of sdLDL particles would be a causal factor promoting atherosclerosis and thus the development of CHD.

In addition, we found that the cutoff value of sdLDL cholesterol that optimizes the ability to discriminate the risk of developing CHD was approximately 35 mg/dL when equal weight was given to sensitivity and specificity and ethical and cost constraints were ignored. On the other hand, approximately 40% of individuals in our community were assigned to the high-risk population for CHD by this cutoff level. The Food and Drug Administration cleared the assay with a serum sdLDL cholesterol cutoff level of 50 mg/dL for detecting subjects with a high risk of CHD based on the results from the MESA and ARIC Study, in which approximately 30% of US communitydwelling individuals had serum sdLDL cholesterol levels of ≥ 50 mg/dL, and the sensitivity and the specificity of this cutoff level to detect subjects who developed CHD were found to be 41% and 71%, respectively^[@bib39])^. These findings are almost equivalent to those at the cutoff level of 40 mg/dL in the present study (**[Supplementary Table 4](#T7){ref-type="table"}**). Thus, it may be reasonable to set the cutoff of the high-risk population for CHD in a Japanese community at 35--40 mg/dL. On the other hand, the sensitivity and specificity of this cutoff value to detect subjects with incident CHD were not particularly high. Therefore, a combined risk assessment with sdLDL cholesterol and other cardiovascular risk factors may be necessary rather than the isolated use of sdLDL cholesterol to identify the high-risk population for CHD more effectively. The optimal cutoff level of serum sdLDL cholesterol should be validated in other population-based cohort studies, with due consideration given to the risk assessment method, ethical issues, cost-effectiveness, and racial differences.

The strengths of this study include its longitudinal population-based design, almost perfect follow-up of study subjects, and accurate diagnoses of CHD. However, some potential limitations of this study should be noted. First, the serum sdLDL cholesterol level and other risk factors were based on only one measurement at baseline. In addition, we were unable to obtain information about medical treatment during the follow-up period. Given that serum sdLDL cholesterol levels and other risk factors may have changed during follow-up, this limitation could lead to the misclassification of these variables, which would weaken the association found in the present study, biasing the results toward the null hypothesis. Second, the number of CHD events was insufficient for a more detailed analysis. Third, we measured serum sdLDL cholesterol levels using frozen serum samples collected as part of the survey in 2002 and stored at −80°C for seven years. However, it has been reported that there is no major difference in sdLDL cholesterol levels between fresh serum samples and stored ones^[@bib17])^. Finally, the generalizability of our findings, including the cutoff value, may be limited, because these analyses were conducted in only one cohort of Japanese. Therefore, our findings should be validated in other cohorts of various ethnic populations.

Conclusion
==========

The present study demonstrated that elevated sdLDL cholesterol was associated with the development of CHD regardless of LDL cholesterol levels. Moreover, the incorporation of sdLDL cholesterol values into a model with known risk factors improved the predictive ability of the risk of CHD in a general population. These findings suggest that the measurement of serum sdLDL cholesterol would be useful for assessing future risk of CHD even in patients with LDL cholesterol within a normal range. Therefore, it may be supposed that high serum sdLDL cholesterol levels should be lowered intensively to prevent the onset of CHD. However, further investigations are required to clarify whether sdLDL cholesterol would be a suitable interventional target for reducing the burden of CHD.
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:   body mass index

CHD

:   coronary heart disease
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:   confidence interval
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:   low-density lipoprotein
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:   standard deviation
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